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A fine structure of phonon replicas in the current-voltage characteristic of a resonant-tunneling
diode has been investigated experimentally. A detailed study of the diode I-V curves in magnetic
fields of different orientations has allowed to determine the origin of the features in the fine structure.
The voltage positions of the features are shown to coincide with calculated that in the frame of two
models: LO-phonon assisted tunneling and resonant tunneling of polarons.
PACS numbers:
I. INTRODUCTION
Resonant tunneling spectroscopy is a powerful method
to investigate numerous effects in low-dimensional struc-
tures, such as interactions of electrons with each other1,2,
phonons3, polarons4 and plasmons5. Resonant-tunneling
diodes (RTD) have a huge potential for practical
applications6 because the diodes are the fastest solid-
state devices operating up to 1 THz7. The latest real-
ization of RTD on the graphene8 suggests a wide area
for future applications. Resonant character of tunneling
is very important for this because it provides a narrow
current peak when the difference between subband en-
ergies in emitter and in QW is zero and satellite cur-
rent peaks when the energy difference is equal to ener-
gies of LO-phonons3,6, cyclotron energy9. To explain the
phonon replica a model of LO-phonon assisted tunneling
(LOPAT) is commonly used [9]. In this model the addi-
tional current is caused by an electron tunneling with the
emission of LO-phonons. In this case the phonon repli-
cas should be spaced from a resonance current peak by
voltages proportional to the energies of the LO-phonons,
as follows:
eULO1,2 = eUpeak + αε1,2 (1)
where e is the carriers charge, ULO1,2 are the phonon-
replicas positions in LOPATmodel, α is a leverage factor,
Upeak is a main resonant peak position, ε1,ε2 are energies
of the LO-phonons. In the case of the GaAs the energy
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of the LO-phonon is ε1 = 36 meV, for AlGaAs the en-
ergy is ε2 = 53 meV. In the Ref 4 another mechanism
for the phonon-replicas origin had been proposed, it is a
model of resonant tunneling of polarons (RTP). In this
model resonant tunneling of electrons occurs from the
2D-accumulated layer in emitter to specific 2D polaron
subbands formed in the 2D spectrum of the quantum well
(QW) between tunnel barrier of the RTD. In this case the
phonon replicas should be observed at lower voltage than
in LOPAT model as follows.
eUp1,2 = eUpeak + α(ε1,2 − εF ) (2)
where Up1,2 are the phonon replicas positions in PRT
model, εF is a Fermi energy in the emitter accu-
mulation quantum well. An in-plane applied mag-
netic field broadens the main resonance and shifts the
main resonance to higher voltages9. A method of the
magneto-tunneling spectroscopy used the in-plane mag-
netic field11,12,13,14. The main equation of the magneto-
tunneling spectroscopy for the voltage position of the res-
onant current peak is following:
eUpeak = αEQW (eB∆z) (3)
where EQW (p) is the 2D dispersion of electrons in the
QW, ∆z = z1− z2 is a tunneling length, where z1 and z2
are electron averaged positions in the emitter and QW
states, and B is a magnetic field. In accordance with
this equation, the magnetic dependence of Upeak repro-
duces the 2D dispersion of the electrons in the direction
perpendicular to the magnetic field4. The crucial point
is to determine the leverage factor because it is an as-
pect ratio between voltage and energy difference of the
2subband levels. Usually its value is found from data ob-
tained in a perpendicular magnetic field. In the magnetic
field applied perpendicular to the layers plane new peaks
appear in the I-V curves. This peaks originated from
electron tunneling between the Landau levels with differ-
ent indexes in QWs. The voltage position difference ∆Un
between the new features Un and the resonance Upeak
9
or its phonon replicas ULO1,2 corresponds to energy dif-
ference between the Landau levels with different indexes
as follows23:
e∆Un = Un − Upeak,LO1,2 = αn~ωc (4)
where n is the index difference and ωc is the cyclotron
frequency. Since the cyclotron energy is well-known value
and doesn’t depends upon the QW profile, one can easily
to determine α from this Equation (4). In the paper we
investigate the fine structure of the phonon replica of the
RTD made of asymmetric double-barrier heterostructure
(see Section II). The replica is investigated at voltage
when the charge isn’t build-up in the QW. This provides
a relatively constant value of the α and one can extract
the subband-energy difference from the bias voltage pre-
cisely. In Section III the features of the I-V curves are
considered in the magnetic field directed perpendicular
to the layer plane. In Section IV we have determined
leverage factor from the I-V curves data measured in the
in-plane magnetic field. In Section V we compare the
data from different Sections and with theoretical models.
Finally we conclude the results in Section VI.
II. SAMPLE AND ITS SPECTRUM
TABLE I: Layer sequence of the heterostructure under inves-
tigation.
num layer material doping thickness
1 top contact GaAs 2× 1018cm−3 2µm
2 GaAs 1× 1017cm−3 50nm
3 spacer GaAs 1× 1016cm−3 50nm
4 GaAs undoped 3, 3nm
5 thin barrier Al0.4Ga0.6As undoped 8.3nm
6 well GaAs undoped 5.8nm
7 thick barrier Al0.4Ga0.6As undoped 11.1nm
8 GaAs undoped 3.3nm
9 spacer GaAs 1× 1016sm−3 50nm
10 GaAs 1× 1017cm−3 50nm
11 GaAs 2× 1018 500nm
substrate
Tunnel diode is made of an asymmetric double-barrier
heterostructure. Sequence of the structure layers is
FIG. 1: I-V curve of the RTD. Arrows shows positions of cur-
rent maxima. In the inset the RTD conduction-band-bottom
profile is shown with subband levels at an applied bias voltage
Vb.
FIG. 2: I-V curve of RTD (solid) and the second derivative
of the I-V curve (dotted) of RTD in phonon replica voltage
range. Arrows shows positions of current maxima on I-V
curve, and minimums on second derivative curve. Minimums
of the second derivative curve corresponds to features of the
I-V curve.
shown in Table I. Briefly speaking the GaAs QW layer
has a thickness of 5.6 nm and has been grown between
Al0.4Ga0.6As barrier layers of thicknesses of 11 nm and
8.3 nm. The barriers are separated from heavily doped
layers of GaAs by thin undoped layers 3.3 nm and low-
doped spacers layers of GaAs of the thickness of 50 nm.
The diodes were made of the heterostructure by conven-
tional technique of wet etching, photolithography and
contact annealing.
In Fig.1 a current-voltage characteristic of the diode
is shown at bias polarity when a charge build-up in the
QW is minimal that is thicker barrier is on the emit-
ter side (see insert (a) in the Fig.1). All measurements
were conducted at the liquid He3 temperature T = 0.3
K. The main current peak p corresponds to the main res-
onance when the ground subband levels are aligned, i.e.,
3E01(Upeak) = E02(Upeak). A split current peak (phonon
replica) can be as usual described with LOPAT. In this
model two additional peaks are associated with the emis-
sion of the phonons with energies ε1 and ε2. The sec-
ond origin of the peaks could be RTP. The peaks in the
RTP model also associated with these phonons, but RTP
peaks are shifted from the LOPAT peaks on the voltage
corresponded to the Fermi energy in the 2D accumulated
layer in the emitter. To study the phonon replicas in
details we have considered the second current derivative
(see dashed curve in Fig. 6). In this case the derivative
minima correspond to the current maxima. One can see
in Figure 6 that there are four derivative minima p∗1, p
∗
2,
p∗∗
1
and p∗∗
2
. To explain they one need to know εF and α
and also to be sure that these parameters are constant in
the voltage range from the current peak p up to deriva-
tive minimum p∗∗2 . Usually these parameters are found
from the I-V curves in the magnetic field.
III. PERPENDICULAR MAGNETIC FIELD
FIG. 3: Current-voltage characteristics in zero and at 13 T
magnetic fields are shown by solid curves. The curves are
shifted relative to one another. Dotted curve corresponds to
a nonmonotonic part of the current at 13 T magnetic field.
Arrows indicates the clearly resolved peaks.
Additional features have been observed in the I-V
curves in magnetic field directed perpendicular the QW
plane (see Fig.3). To clarify these features the back-
ground current has been substracted from the each I-V
curves, i.e. current in the zero magnetic field is sub-
tracted. This procedure allows to confidently identify the
peaks in the current. The result of the substraction, i.e.
nonmonotonic part of the current, also is shown in Fig.3.
Voltage positions of the additional peaks Un in the cur-
rent due to tunneling between the Landau levels is shown
in Fig. 4. Dashed lines in Fig. 4 are obtained by fitting
the experimental data by straight lines starting from the
positions Upeak, Up1, Up2 on the I-V curve at zero field.
We have determined slopes of each line and calculated α,
applying Equation (4) to every pair of the adjacent best-
FIG. 4: Voltage positions Un of the additional peaks on the
perpendicular magnetic field. Experimental values are shown
by symbols, solid lines formed a fan-diagram for α = 5.1,
dashed lines are the best-fitted lines starting from the posi-
tions of current peaks on the I-V curve at zero field.
fitted lines for three groups of lines or fan-diagrams. The
calculated values are within the range 4.9 < α < 5.3 with
the average value of 5.1. This indicates good stability of
the leverage factor both in the peak current area and in
the area of phonon replicas. Solid lines in Fig. 4 are form-
ing a fan-diagram for α = 5.1. It can be seen that dashed
lines do not coincide exactly with solid lines. There are
many reasons for this because the Equation (4) does not
take in to account such effects as magnetic dependence
of the polaron energy and QW potential profile. Nev-
ertheless, good coincidence of the best-fitted lines with
experimental data, and voltage and field independence
of their slope differences let us to say that the value of
alpha is defined correctly.
FIG. 5: Voltage positions Upeak in perpendicular magnetic
field.
The εF can be estimated from the magnetic depen-
dence of the resonance voltage Upeak. Magnetic depen-
dence of Upeak is shown in Fig. 5. Similar nonmonotonic
4dependence of the Upeak had been theoretically investi-
gated in Ref. 17 and experimentally observed at 2D-2D
tunneling in single-barrier structures in Ref. 18. This
dependence appears due to the Landau level pinning in
accumulation 2D layer in the emitter. Partially filled
Landau level (LL) is pinned to Fermi level in the emit-
ter due to the transfer of electrons out the 2D layer to
the heavily doped emitter contact layer. In this case the
magnetic field increase causes the potential change that
decreases the energy of the subband level E01. As a re-
sult the resonant voltage Upeak increases. When the LL
is emptied the electrons transfer back to the 2D layer
and next LL jumps to the Fermi level due to the E01
increase. This causes Upeak decrease. In this case the LL
filling factor is integer and one can determine the average
value of the electron concentration and εF . As one can
see in Figure 5 the last Upeak decrease at a field 9T. This
corresponds to the LL filling factor ν equals 1. Here the
LL are supposed to be spin split. The LL spin splitting
can be confirmed if one compares the distance between
the peaks 1 and 2 and the distance between peaks 2 and 3
in units of inverse field differs almost twice. Considering
ν = 1 at B = 9 T we estimate the Fermi energy from the
expression εF =
1
2
~ωc, and εF = 8 meV . The parameter
α can also be determined from behavior of the resonance
peak in the in-plane magnetic field directed parallel to the
layers. It is important to compare these values, because
they can be dependent on current and thus complicate
the tunnel spectroscopy or features identification.
IV. IN-PLANE MAGNETIC FIELD
FIG. 6: Current-voltage characteristics in the in-plane mag-
netic fields up to 13 T. The curves are shifted along vertical
axis with step 4 nm that corresponds to the step in magnetic
field of 1 T.
In the magnetic field applied parallel to the het-
erostructure layers the current peak is broadened and
shifted to higher voltages (see Fig.6). This shift and
broadening are followings of the electron generalized mo-
mentum conservation in tunneling and, as it was shown
in Reference 4, the current peak should shifts on a voltage
value Upeak which is determined from Eq. 3 as follows:
eUpeak
α
=
1
2m∗
(e∆zB)2 (5)
where is m∗ is the effective mass of carriers. We observe
FIG. 7: Voltage positions of the the main resonance and the
left Ub and the right Ue its boundaries in the dependence of
magnetic field are shown by curves with symbols. The solid
curve is a best-fitted parabolla to the experimental positions.
Dependence of the full width on half weight of main resonance
is shown in the insert symbols. The solid line in the inset is
a best-fit of the experimental data. The vertical dotted lines
denote the area in which the conditions (7) are met.
anticrossing in Fig.6. It is clearly seen that the main
peak amplitude decreases with displacement of the main
peak in the phonon replica region and replica amplitude
increases. The phenomenon of anticrossing in phonon
replicas indicates the presence of polaron states. Anti-
crossing is described in more detail in Ref. 4. We approx-
imate the experimental data Upeak(B) by the parabolic
function F = A · B2 + const, and we obtain the value
A = 0.00188 V/T 2. Thus we can get the following ex-
pression:
α∆z2 = 1440 nm2 (6)
We estimated α by analyzing value of W that is a full
width at the half-weight (FWHW) of the main resonance
peak. Similar equation to Eq.(5) had been derived in
Reference 9 for the start of the resonance Ub and end
of the resonance Ue. According to this we analyze the
dependence of W of the main resonance on the magnetic
field (see Fig. 7) and estimate εF Fermi energy in the
emitter. For the estimation we have to use the region on
the curves where
BW < B < Bc (7)
HereBW is a magnetic field corresponding to the width of
the energy level, Bc is a field when the main current peak
5approaches to the LO-phonon replicas and anticrosses
them4. The physical meaning of this condition is fol-
lowing: the intersection point of the emitter dispersion
curve and QW electron dispersion curve is in an interval
of parabolic part of the spectrum in the QW that is at
the electron energy lower LO-phonon energy. In this field
region the dependence of W on magnetic field is linear
(see inset on Fig. 7) that results in
W = Ub − Ue ∝ KB (8)
whereK = 0.028 V/T is a linear coefficient of the best-fit
line shown in Fig.7. Using the value of the K, one can
determine α as follows:
α =
(
1
m∗εF
m∗2K2
4(∆z)2
)1/2
(9)
We have got value α = 5, 7. This estimation has low
accuracy because Eq. 8 is disregarded the finite FWHW
at zero field W0. Hence we can state this value coincides
with that extracted from the perpendicular-field data. It
confirms the stability of α in the wide range of fields and
voltages.
V. DISCUSSION
We have analyzed the behavior of characteristics in
planar and perpendicular magnetic field and estimated
the values of the εF and α in our sample. This allows us
to calculate the expected positions of the features in the
fine structure of the phonon replica. We used the α value
obtained from the experiment in the perpendicular field
(α = 5.1), because it is more accurate. In LOPAT model
according to the Eq. 1 two additional current maxima
(and second-derivative minima) p∗∗
1
and p∗∗
2
should be
observed at voltages 0.46 V and 0.55 V. In the case of
RTP model according to the Eq. 2 additional replicas
p∗
1
and p∗
2
should be observed at lower values of voltage
by an amount corresponding to the Fermi energy in the
emitter, that is, when the voltage values are 0.42 V and
0.51 V. In Fig.2 one can see sharp minima of the second
derivative at voltages Vp∗
1
= 0.43 V and Vp∗∗
1
= 0.46 V,
and a broaden minima at voltages Vp∗
2
= 0.51 V and
Vp∗∗
2
= 0.58 V. Thus a good agreement with the experi-
ment has been succeeded and fine structure of the phonon
replica has been described.
VI. CONCLUSION
In summary, the fine structure of phonon replicas had
been revealed and described in current-voltage character-
istic of the resonant-tunneling diode made of asymmet-
ric double-barrier heterostructure. The phonon replicas
were observed at bias voltage when the charge accumula-
tion in the QW is minimal since the thicker barrier layer
is closer to the emitter. In this case the leverage factor
and the Fermi energy of the emitter 2D layer have been
determined and shown almost independent on the cur-
rent and bias voltage. This allows us to identify the fine-
structure features dealt with LOPAT and RTP models.
This result confirms the correctness of the RTP-model
and it confirms the existence of polaron states in low-
dimensional semiconductor structures. Secondly, it fur-
ther shows that both tunneling mechanisms (LOPAT and
RTP) are taking place in the RTD.
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